Introduction
We have come a long way since 1960 when Hellem observed that a small molecule lost from red cells caused platelets to adhere to glass [1] . During the next year, Øllgaard [2] showed that this small molecule caused platelet aggregation, and it was identified as adenosine diphosphate (ADP) in Owren's laboratory [3] . At that time, Marjory Zucker was grading ADP-induced aggregation visually as 1-4 after shaking citrated platelet-rich plasma by hand for 1 min [4] . She had been carrying out research on platelets since 1947 and was already a major figure in the field.
The key development of the aggregometer in Gustav Born's laboratory in 1962 provided a light transmission technique for assessing and recording the rate and extent of aggregation that is still widely used today (light transmission aggregometry [LTA]) [5] . In the next few years, Born and his colleagues used the aggregometer in detailed investigations of the changes in platelets during ADPinduced aggregation, and inhibitors of this process [6] . Much of the early work was well reviewed in the classic book The Physiology of Blood Platelets, subtitled Recent Biochemical, Morphologic and Clinical Research, that was written by Aaron Marcus and Marjorie Zucker in 1965 [7] . In 1970, another major review summarized the developments in the 1960s [6] . It had become obvious that ADP plays an important role in hemostasis and thrombosis.
The much more recent findings that platelets possess two P2Y receptors (P2Y 1 and P2Y 12 ) for ADP, and a P2X 1 receptor for ATP have made it possible to understand the reactions responsible for many of the early observations [8] .
Our present knowledge about ADP-induced platelet activation is attributable to the work of thousands of investigators and this historical review can mention only some of them.
In the late 1950s and early 1960s, several groups of investigators carried out in vitro experiments showing that thrombin or collagen caused platelet aggregation and that ADP was released during this process [9] [10] [11] [12] [13] . In vivo, ADP and ATP do not normally circulate in the plasma, but they are stored in the dense granules of the platelets. During the formation of hemostatic plugs or arterial thrombi, platelets are stimulated by collagen and thrombin to release the contents of these platelet storage granules. In vitro, at a normal platelet count of 250,000/μl, the concentrations of ATP and ADP in plasma immediately after release of granule contents induced by collagen or thrombin have been reported in the ranges of 4-7 μM for ATP and 3-4 μM for ADP [14, 15] . The released ADP adds to the response of platelets to the other aggregating agents.
In addition to causing aggregation, the effects of ADP on platelets include shape change, refractoriness, potentiation of the effects of other aggregating agents, inhibition of platelet adenylyl cyclase, increase in cytosolic free calcium, and activation of specific receptors that stimulate intracellular signaling pathways that converge on the cytoplasmic domain of the integrin αIIbβ3 (glycoprotein (GP) IIb-IIIa), leading to its becoming able to bind extracellular fibrinogen and von Willebrand factor [16, 17] .
Platelet shape change
When ADP is added to isolated platelets in plasma or an artificial medium, a rapid change in platelet shape from discs to a rounded form with pseudopods takes place and an enormous increase in the surface area of the platelet occurs [18] [19] [20] . In an aggregometer, light transmission is seen to decrease. This alteration in morphology does not require calcium in the medium and can occur when the concentration of calcium is too low to support aggregation [18, 21] . Shape change without aggregation also occurs if ADP is added without rapid stirring [6, 22] or if the pH of the suspending medium is below 6.5 [23] . Internal changes include centralization of the granules with constriction of the marginal bundle of microtubules [24] .
Later investigators have focused on the signaling pathways involved in ADP-induced shape change [25, 26] . It is now established that shape change in response to ADP involves activation of the P2Y 1 receptor which mediates a transient rise in cytoplasmic Ca 2+ , mainly mobilized from internal stores, but partially from the external medium [8] .
Refractoriness (desensitization)
Aggregation by ADP is induced by concentrations as low as 0.5 μM and can be visualized as an increase in light transmission in an aggregometer. The primary phase of ADP-induced aggregation is reversible in a medium that contains an approximately physiological concentration of calcium ions (1-2 mM) and the platelets deaggregate within a short time, becoming refractory to a further stimulation with ADP [5, 27] . Exposure to ADP without stirring for several minutes also causes this desensitization [6, 28] . The addition of apyrase to an artificial medium in which platelets have been resuspended maintains the responsiveness of platelets to ADP by degrading any of the nucleotide that may be lost from the platelets during handling or storage [29, 30] .
The explanation for these early observations involves the recognition that exposure of platelets to ADP induces the internalization of both the P2Y 1 and P2Y 12 receptors [31] [32] [33] [34] . However, Baurand's group [32] found that "although a substantial fraction of P2Y 12 was rapidly and reversibly internalized", the "P2Y 12 receptor-mediated inhibition of cAMP formation was not affected". It appears that the pathways of internalization of the two receptors differ. Hardy et al. [33] reported that P2Y 12 desensitization was mediated by G-protein-coupled receptor kinase, whereas desensitization of P2Y 1 was largely dependent on protein kinase C activity. Mundell and co-workers [34] also have shown that desensitization is rapidly reversible and they investigated the mechanism of resensitization.
Primary and secondary ADP-induced aggregation
In most of the early experiments, ADP-induced aggregation was studied in citrated platelet-rich plasma in which the concentration of ionized calcium is low enough to prevent clotting (40 μM with 10.9 mM citrate and <5 μM with 12.9 mM citrate) [35, 36] . In such a medium, ADP at concentrations above about 0.5 μM induces two phases of aggregation of human platelets, the second phase being irreversible [6, 37, 38]. Originally, this "secondary clumping" induced by ADP was attributed to the release of more ADP from the dense granules of the platelets, but it is now apparent that this is only part of the explanation and that the second phase depends mainly on the formation of thromboxane A 2 [39] . This second phase occurs with human platelets when they are brought into close contact in any way at 37°C in a medium without added calcium in which the concentration of ionized calcium is approximately 20 μM [40-42]. In platelet-rich plasma anticoagulated with heparin or hirudin, only the primary phase of ADP-induced aggregation occurs with platelets from most humans [36, 43] .
In addition to human platelets, only platelets from cats, one-third of mongrel dogs, and piebald and rosette guinea pigs show this secondary response to ADP in a low calcium medium. Most other species, including rabbits, rats, mice, pigs, cows, goats, sheep, horses, mink, white guinea pigs and most dogs have platelets that undergo only a primary, reversible phase of aggregation in response to ADP in such a medium [44] [45] [46] .
Aspirin irreversibly acetylates the cyclooxygenase responsible for the formation of the aggregating agent thromboxane A 2 [39, 47] , so the lack of the second phase of ADP-induced aggregation of human platelets in citrated platelet-rich plasma is usually attributable to the ingestion of a drug that contains aspirin. Indeed, in 1968, the recognition by several investigators [48, 49] that only the primary phase of ADPinduced aggregation occurred when their patients had been taking aspirin added to the concurrent finding of inhibition of several other platelet functions by aspirin [50] .
Inhibition of the second phase of ADP-induced aggregation by aspirin lasts for the lifetime of the affected platelets and is observable for 5-8 days after ingestion. Some other non-steroidal anti-inflammatory drugs also inhibit the second phase, but their effect does not persist after the drug is cleared from the circulation. Mills and Smith [59] showed that adenosine stimulates adenylyl cyclase so that the concentration of cyclic AMP in platelets is increased, and they demonstrated that adenosine is a noncompetitive and nonselective inhibitor of ADP. In agreement with these findings, in 1973 Haslam [60] showed that "adenosine acts through an extracellular membrane receptor, which is independent of both the ADP receptor and the adenosine transport mechanism".
Role of ADP in aggregation by other agonists
The suggestion by Haslam [58] that ADP was the "final common pathway" through which other agonists induced aggregation was based on his use of enzyme systems such as phosphoenolpyruvate plus pyruvate kinase to convert extracellular ADP to ATP as ADP was released. He observed that aggregation induced by thrombin or collagen was inhibited by this enzyme system. Studies by Macfarlane and Mills [61] , however, negated the idea that ADP was the common pathway through which other agonists induced aggregation. They used freshly purified ATP and showed that (although it was a competitive inhibitor of ADP) ATP did not inhibit primary aggregation induced by thrombin and other agonists.
ADP potentiates the effects of other agonists, including weak ones such as serotonin and adrenaline [6, [62] [63] [64] . This synergistic effect of ADP can also be demonstrated with low concentrations of stronger agonists, such as collagen, thrombin, arachidonic acid and thromboxane A 2 [63, 64] . Experiments with artificially degranulated platelets, however, have shown that higher concentrations of the strong agonists can cause aggregation in the absence of releasable ADP [65] .
Stabilization of platelet aggregates by released ADP [66, 67] , as well as the recognition of storage pool disease (lack of dense granule contents) as a cause of some bleeding abnormalities [68] , emphasize the importance of ADP in hemostasis and the contribution that ADP makes to arterial thrombosis.
Role of ADP in shear-induced aggregation
In vitro, platelets in anticoagulated plasma aggregate without the addition of a chemical agonist when they are subjected to high shear stress in devices such as a cone-andplate viscometer [69, 70] . This aggregation was found to require von Willebrand factor multimers, extracellular calcium (Ca 2+ ), ADP released from the platelets, fibrinogen, and platelet membrane glycoproteins GPIbα and αIIbβ3 [71, 72] . More recently, the P2X 1 receptor, stimulated by ATP released from platelets, has been shown to be required for shear-induced aggregation [73] [74] [75] . It has also now been found that blocking the P2Y 1 receptor for ADP prevents stabilization of aggregation [76, 77] .
In vivo, shear-induced platelet aggregation is thought to occur at sites where vessels have been narrowed by atherosclerotic plaques, and during bleeding from severed arterioles [78] [79] [80] .
Effects of synthetic ADP analogues
Many compounds were synthesized with structural modifications of ADP in attempts to identify the part of the molecule responsible for its ability to cause platelet aggregation. Most of these compounds had little or no biological activity. Only substitution in the 2-position of adenine produces compounds with aggregating activity similar to or greater than that of ADP [81] [82] [83] [84] .
Large lists summarizing structure-activity relationships for the inhibition of ADP-induced aggregation by putative ADP receptor antagonists have been published [81] [82] [83] [84] .
Adenylyl cyclase and cyclic AMP
An increase in the concentration of cyclic AMP in platelets inhibits aggregation and the release of granule contents induced by ADP and by all other aggregating agents. Adenosine and the prostaglandins (PG) E 1 , D 2 , and I 2 act through adenylyl cyclase to raise the concentration of cyclic AMP. Inhibitors of phosphodiesterase (methylxanthines, papaverine, pyrimidopyrimidines, dipyridamole) augment the inhibitory effect of prostaglandins by preventing the breakdown of cyclic AMP to AMP [6, 39, 59, 81] .
In the early 1970s, several groups of investigators made the key observation that ADP inhibits the increase in cyclic AMP causes by PGE 1 [85] [86] [87] . Although the suggestion was made that ADP might act by decreasing the basal level of cyclic AMP in platelets [88] , this idea became questionable when Haslam [60] showed that considerable ADP-induced aggregation could occur when cyclic AMP levels were well above the basal concentration. In 2002, Yang et al. [89] showed that "a decrease or increase in the basal cAMP concentration does not by itself make platelets more or less sensitive to agonists (such as ADP), and that unless PGI 2 is present, platelet agonists have little or no effect on platelet cAMP levels".
By 1981 it was evident that inhibition of cAMP formation in platelets by ADP is a direct receptormediated effect of ADP on adenylyl cyclase [90] . This ADP receptor has been identified as the P2Y 12 receptor and is the target for the thienopyridine compounds ticlopidine, clopidogrel and prasugel, and for the more recently developed inhibitors cangrelor and ticagrelor [91] .
Binding sites for ADP on platelets
In the early 1990s, the search for the platelet receptor for ADP led Colman to propose that it was a 100-kDa protein (named aggregrin) that has ADP binding sites [92] . Meanwhile, Greco and his colleagues [93] suggested that the ADP receptor was αIIb (GP IIb). After a detailed review of the evidence in 1996, Mills [83] concluded that neither of these proteins had the properties of an ADP receptor. By this time, Mills and his colleagues had been investigating various aspects of the effects of ADP on platelets for 30 years and were acknowledged experts in the field.
Beginning in the 1960s, several groups of investigators had tried to determine the number of binding sites for ADP on platelets, with estimates ranging from 2,500 to 200,000 [16, 52] . In the 1980s, by the use of 2-azido-ADP that could be photoactivated [94] and also a strong aggregating ADP analogue, 2-methylthioadenosine labelled with 32 P (2-MeS-ADP), Macfarlane and colleagues [95] obtained values ranging from 400 to 1,200 sites per platelet for the receptor that inhibits adenylyl cyclase (P2Y 12 ). More recently, using the latter analogue, Gachet et al. [96] reported 600±125 specific binding sites per platelet, and Nurden and co-workers [97] found 826±126 per platelet. Both these latter two groups described patients with low numbers of these binding sites who exhibited a congenital impairment of ADP-induced platelet aggregation, but normal shape change. The number of binding sites was reduced by 70% on platelets from rats treated with clopidogrel [96] .
In 1983, Macfarlane et al. [95] had demonstrated that the thiol complexing agent p-mercuribenzene sulfonate blocks inhibition by ADP of adenylyl cyclase and blocks the binding of 2-azido-ADP and 2-MeS-ADP, but does not affect the ability of ADP to induce aggregation and the shape change. In 1993, Cristalli and Mills [98] showed that a 43-kDa protein on platelets incorporated 2-(p-azidophenyl)-ethylthio-ADP (AzPET-ADP), a photoaffinity analogue of ADP that competitively inhibits the binding of 2-MeS-ADP. This 43-kDa protein appears to be the receptor that mediates the ADP-induced inhibition of adenylyl cyclase and is now designated as P2Y 12 .
In 2001, Baurand and colleagues [99] studied the P2Y 1 receptor and showed 134±8 binding sites per platelet. They used a potent P2Y 1 receptor antagonist, N 6 -methyl-2′-deoxyadenosine-3′,5′-bisphosphate (MRS2179) that inhibited ADP-induced platelet shape change, aggregation and rise in Ca
2+
, but had no effect on ADP-induced inhibition of adenylyl cyclase. MRS2179 labelled with 33 P was used in the binding determinations.
Cattaneo [8] has pointed out that P2Y 1 accounts for 20-30% of the total binding sites for ADP on the surface of human platelets.
These observations provided evidence that two different types of ADP receptors exist on platelets, one that acts on adenylyl cyclase and one that is the cause of the initial change in platelet shape. The existence of two receptors for ADP on platelets has now been confirmed by many investigators [8] .
ADP-induced increases in cytosolic calcium
In the 1980s, Tsien and co-workers [100] and Rink and Sage [101] began experiments with the fluorescent calcium indicators (quin 2 and fura-2) that had been invented by Tsien et al. and could be entrapped within intact cells. They showed that ADP caused an increase in cytosolic free calcium within one second that peaked in 10 s. This ADP-induced rise in platelets suspended in a medium with extracellular calcium was six-fold greater than that in the absence of extracellular calcium, leading the investigators to conclude that the major component of the ADP-stimulated rise was the result of an influx of calcium ions [101] . Release from internal calcium stores accounts for the elevation of internal calcium in the absence of external calcium.
It is now established that activation of the P2Y 1 receptor causes a transient increase in the concentration of intracellular ionized calcium, partially by influx of Ca 2+ from the medium, but mainly by release from intracellular stores [102] . P2Y 12 amplifies the mobilization of cytoplasmic Ca 2+ mediated by P2Y 1 and other receptors [8] .
A detailed review of calcium signaling in platelets has been published recently by Varga-Szabo et al. [103] .
The P2X 1 receptor
The suggestion of a P2X 1 ATP-gated, ion channel receptor on platelets was not made until 1996 when Mackenzie and his co-workers [104] showed that the nonhydrolyzable ATP analogue α ,β-methylene adenosine-5-triphosphate (α,β-meATP) could induce rapid entry of calcium into platelets, but that only ADP mobilized calcium from internal stores. In the next year, Vial et al. [105] confirmed these observations and reported the finding of P2X 1 messenger RNA in platelets by the polymerase chain reaction. The suggestion that ADP also acted at the P2X 1 receptor [106] was shown to be erroneous when it was found to be based on experiments in which the commercially available ATP used was contaminated by ADP [107] .
The P2X 1 receptor is desensitized by ADP [74] , but the inclusion of apyrase to degrade ADP in the suspending medium of the platelets prevents this desensitization and α,β-meATP can be shown to cause a rapid, transient increase in intracellular calcium, a reversible change in platelet shape, but no aggregation [108] . Vial et al. [109] have suggested that in vivo, these ATP-induced reactions could synergize with the platelet response to ADP through the P2Y 1 receptor and amplify the increase in intracellular calcium. Oury et al. [110, 111] obtained evidence for the importance in hemostasis of a synergy between ADP and ATP released from platelets stimulated by adherence to collagen. They used transgenic mice overexpressing the P2X 1 receptor in the megakaryocyte cell lineage and found that their platelets showed enhanced aggregation and secretion in response to collagen, compared with platelets from wild-type mice. Hechler and colleagues [75] showed that platelets from mice deficient in the P2X 1 receptor had a decreased aggregation response to collagen and were protected from arterial thrombosis.
The P2Y 1 receptor
In 2000, Cusack and Hourani [84] reviewed the early studies of the P2 receptors on platelets. Studies with synthetic ADP analogues indicated that the ADP receptor had the characteristics of a P2Y receptor, and with the assumption that there was only a single such receptor, it was designated as P2 T (T for thrombocyte) [112] . A starting point for the identification of the receptors was the 1997 report of Léon and co-workers [113] . They cloned and stably expressed the P2Y 1 receptor, showed that it exhibited the pharmacological profile of the human platelet P2 T receptor, and that it was expressed in both megakaryoblastic cell lines and human platelets. They suggested that P2Y 1 was the P2 T receptor.
Although Macfarlane and his colleagues [95] had provided evidence in 1983 for two ADP receptors on platelets, one responsible for shape change and aggregation and the other for inhibition of adenylyl cyclase, it was not until 1996 that others began investigations that supported their findings [84] . Several groups used selective P2Y 1 antagonists and showed that they inhibited ADP-induced shape change, aggregation, and increases in calcium, but not the effect of ADP on adenylyl cyclase [84, [114] [115] [116] [117] . The P2Y 1 receptor is coupled to G q and activates phospholipase Cβ (PLCβ) [118] that is responsible for the formation of inositol (1,4,5)-trisphosphate (IP 3 ) and diacylglycerol, an activator of protein kinase C. IP 3 causes calcium mobilization from internal stores [118] .
Platelets from mice deficient in the P2Y 1 receptor did not aggregate in response to concentrations of ADP up to 10 μM, whereas 100 μM caused only a slow formation of small aggregates with an atypical shape change and no calcium movement [119, 120] . The observation that platelets from these mice still showed ADP-induced inhibition of adenylyl cyclase, provided more evidence for two ADP receptors [119] . Injection of ADP into these mice did not cause thromboembolism, in contrast to its effect in wild type mice. This finding raised the possibility that the P2Y 1 receptor might be a target for antithrombotic drugs [121, 122] .
The P2Y 12 receptor
The ADP receptor that is negatively coupled to adenylyl cyclase has had several names. First P2 T [112] , followed by P2Y cyc [123] , P2Y AC [106] , P2Y ADP [124] , and finally, in 2001, P2Y 12 after it was cloned and analyzed by Hollopeter et al. [125] . The latter investigators showed that the receptor has four extracellular cysteines and that the thiol reagent p-chloromercuriphenylsulfonic acid (pCMBS) inhibits ADP-induced P2Y 12 activation [125] . Twenty years earlier, Macfarlane and Mills [90] had already used a similar reagent to prevent ADP-induced inhibition of cyclic AMP formation in platelets.
In the early 1990s, the first patient with a mutation of the P2Y 12 receptor was discovered on the basis of a lifelong history of excessive bleeding and defective ADP-induced aggregation [126] . A few other patients of this sort have been identified and Cattaneo [8] has described the molecular defects in the P2Y 12 receptor in these patients. In 2001, mice that are deficient in the P2Y 12 receptor were produced and found to have a prolonged bleeding time [127] . Their platelets aggregate weakly in response to ADP, but shape change and calcium mobilization are normal. In the presence of PGE 1 , adenylyl cyclase is not inhibited by ADP. It is evident that for full platelet activation by ADP, both P2Y receptors are necessary.
The P2Y 12 receptor is negatively coupled to adenylyl cyclase activity through activation of a G protein, as shown by experiments with a radiolabelled GTP photoaffinity ligand [128] , receptor antagonists [129] , and genetically engineered mice [89, 130] . This G protein was identified as G i2 by Ohlmann et al. in 1995 [128] .
Although ADP, acting through its P2Y 12 receptor, inhibits cyclic AMP formation when adenylyl cyclase has been stimulated, when it has not been stimulated the need for this G protein-dependent signaling during platelet activation by ADP points to an essential role for other effectors [8, 89] . Several groups of investigators have been exploring G i signaling pathways that involve other such effectors. G i2 couples P2Y 12 to pathways that include phosphoinositol 3-kinase (PI3K) and Rap1B [131] . G i -dependent activation of PI3K also promotes activation of Akt, a serine-threonine kinase [132] . Schoenwaelder and coworkers have identified a co-operative PI3K signaling mechanism that regulates the adhesive function of αIIbβ3 in platelets [133] .
Drugs that act on the P2Y 12 receptor
In 1974, Maffrand and Eloy [134] synthesized the thienopyridine, ticlopidine, the first drug specifically developed to inhibit platelet reactions that was not directed at cyclooxygenase products. Ticlopidine's inhibitory effect was only demonstrable after oral administration, pointing to the production of an active metabolite in vivo. There was extensive research on ticlopidine in experimental models of thrombosis and in clinical trials in humans [135] before it was recognized in the early1990s as a specific inhibitor of ADP-induced aggregation [136, 137] . Concern about the toxic effects of ticlopidine (neutropenia, thrombotic thrombocytopenic purpura) led to the development of a similar prodrug, clopidogrel, that did not have these adverse effects and has become widely used. Both ticlopidine and clopidogrel exert their inhibitory effect through an active metabolite that has a thiol group that reacts irreversibly with a cysteine residue of P2Y 12 [138] .
Cattaneo [91] has discussed the problem of the high inter-individual variability in platelet inhibition by clopidogrel, that is attributed to differences in the extent of metabolism of the prodrug. A newer prodrug of this class, prasugrel, is more efficiently converted to its active metabolite, displays much faster and uniform inhibition of platelet functions, and lower inter-individual variability [91] . All three of these thienopyridine drugs, however, share the problem of a slow offset of action because they irreversibly inhibit P2Y 12 . Consequently, new, short-acting direct P2Y 12 antagonists, cangrelor, ticagrelor and elinogrel, have been developed and are being tested in clinical trials with patients at risk of major cardiac events [91, 139] .
The effects of drugs that act on the P2Y 12 receptor illustrate the key role that ADP, a so-called "weak" agonist, plays in hemostasis and thrombosis.
Conclusion
The 50 years of investigation of the role of ADP in platelet aggregation have contributed to major increases in our understanding of many of the processes involved in hemostasis and thrombosis. Early years saw the recognition of the importance of the release of the contents of the platelet storage granules by collagen and thrombin, and the recognition that the lack of their contents, particularly ADP in the dense granules, led to bleeding. Later findings included the role of thromboxane A 2 and inhibition by aspirin of its formation, the stimulation of integrin αIIbβ3 to become able to bind fibrinogen, inhibition of aggregation by prostaglandins, particularly PGI 2 , the finding that ADP inhibits the increase in cyclic AMP caused by these prostaglandins, the increases in cytosolic calcium that occur in response to aggregating agents, and the roles played by ADP and von Willebrand factor in shear-induced aggregation. More recent investigations have focused on the receptors for ADP and ATP on platelets, the discovery of patients lacking the P2Y 12 receptor, and the development of drugs that inhibit this receptor. In the future, the P2Y 1 and the P2X 1 receptors may become targets for antithrombotic drugs. 
